The morphology and the corresponding rheological properties of phase separating binary mixtures under shear flow are studied by computer simulation based on the modified time-dependent Ginzburg-Landau ͑TDGL͒ model. In order to investigate the hydrodynamic effect, model H in three dimensions has been used to simulate the phase separation of binary fluids under shear flow. For the sake of comparison, the simulation has also been performed based on simple binary solid model ͑model B͒. It is found that, for deep and critical quench, the domain grows faster and the domain anisotropy is lower in binary fluids due to the internal flow field induced by hydrodynamic interaction. For deep and off-critical quench, the internal flow field makes the elongated domain quickly relax to their original spherical shape before they are mutually contacted each other. Thus, it reduces the domain merging probability. It is also found that, for deep and critical quench, there are two peaks appeared in the shear viscosity as a function of shear strain at low shear rate, which agrees with the experimentally observations quite well. For shallow quenching, the broader interfaces suppress the internal flow caused by hydrodynamic interaction and thus the difference between binary solids and binary fluids is small. All these observed unique characters have been explained according to the hydrodynamic interaction and the relaxation rate of the deformed interface.
I. INTRODUCTION
The effects of shear flow on the morphology and kinetics of domain growth in binary mixtures have been attracting continuous theoretical and experimental attention due to its technological importance. 1, 2 One can easily conjecture that, in steady shear flow, the phase-separated domains will be elongated along the flow direction. Besides that, many theoretical and experimental studies have revealed that the collision between the elongated domains will be promoted and consequently enhances the domain coarsening ͑merging͒ in this direction which causes anisotropic spinodal decomposition ͑SD͒. [1] [2] [3] [4] [5] [6] [7] In reality, however, the flow effects on the morphology and SD kinetics are much more complex than expected. When the shear rate is high, for a binary polymer mixture, it was observed in experiments that the string-like phase will be formed and the domains can be elongated into extremely long cylinders under steady shear. 8, 9 Based on the computer simulation results, Qiu et al. 10 have attributed the stringlike phase to the chain stretching effect occurred when the shear rate is much higher than the terminal relaxation rate of the polymer chain. Through the experiment study on the transient deformation of a polymer bicontinuous phase under shear flow, 11 it was found that the domain seems affinely deformed along the flow direction while the domain size along the vorticity direction remains almost unchanged and the correlation of concentration fluctuations are enhanced in this direction.
Compared to the steady shear, the effect of oscillatory shear on the morphology and SD kinetics is relatively less studied. Beysens and Perrot 12 performed a SD experiment on a near critical binary polymer mixture below T c by periodically tilting a quartz pipe container. Such a periodic shear was found to prevent the development of decomposition, resulting in permanent spinodal ring of the scattered light. Krall et al. 13 pointed out that, defining the frequency and ␥ 0 the amplitude of the shear, the domain growth can be stopped if the maximum shear strain f ϭ␥ 0 / is larger than a critical value f c . However, if f Ͻ f c , the domain growth leading to macroscopic phase separation can not be stopped by shear. More recently, Matsuzaka et al. 14 studied the oscillatory shear effect on demixing process of polymer blends and found that the phase-separated structure is affinely deformed in harmony with the shear strain and grows with time, on a time scale longer than the cycle of the oscillatory deformation. Qiu et al. 15 performed the three-dimensional computer simulation to clarify the oscillatory shear effect on the morphology and SD kinetics. It was found that, depending on the quench depth and shear frequency, the oscillatory shear can induce different ordering structures and various rheological characters.
Here we must point out that the hydrodynamic interaction has been ignored in the theoretical analysis and computer simulations mentioned above. In fact, for binary fluids, the hydrodynamic interaction will play an important role in the morphology and SD kinetics. For example, due to the coupling of the order parameter with hydrodynamics, the characteristic size of the domains, R(t), grows according to a power law R(t)ϳt n , where n is the domain growth exponent. 16, 17 If the domain growth is governed by a diffusive mechanism theoretically identified by Lifshitz and Slyozov, 18 a growth law of R(t)ϳt 1/3 is observed. When the hydrodynamic effects become important, depending on the whether viscous forces or inertial effects of the fluid mixture dominate, the growth law of a critical liquid mixture can take the form of R(t)ϳt for viscosity controlled case and R(t) ϳt 2/3 for inertial controlled case. 19, 20 Two-dimensional computer simulation for the polymer fluids indicates that the hydrodynamic effects are important only for the system with volume fraction not far away from the critical composition. 21 Although many computer simulations have been introduced to study the hydrodynamic effects on the domain growth in SD under quiescent condition, 16, [20] [21] [22] [23] the macroscopic flow effects on the morphology and corresponding rheological properties have never been investigated yet.
The morphological dependent rheology of phase separating binary mixtures under shear flow is a challenging topic. The complexity is originated from the complicated motions of interface due to the coagulation, rupture and deformation of domains. Doi and Ohta 24 presented a semiphenomenological model to explain the abnormal rheological behavior for this kind of complex system. It was found that the steadystate shear viscosity is independent of shear rate while the normal stress difference is nonzero and proportional to magnitude of the shear rate. The experimental study 25 showed an excellent agreement with Doi and Ohta's conclusion when the two phases have almost the same viscosity. More recent experimental work on a polymer mixture showed that, as the shear strain is increasing, two peaks of the transient shear viscosity is observed. 26 Obviously, this experimental finding cannot be interpreted in the frame of Doi and Ohta's model which is valid only when the system is at the steady state with respect to the break-up and coagulation of domains. On the other hand, it should also be mentioned that the hydrodynamic interaction is not considered in Doi and Ohta's model. Therefore, the morphological dependent rheology in a phase separating polymer mixture under shear flow is far away from clarified and deserves more experimental and theoretical investigations.
In this study, computer simulations are performed to study the shear flow effect on domain growth and rheology of phase separating binary mixtures both with and without hydrodynamic interactions. For the case of no hydrodynamic interaction, the phase separation is described by modified time-dependent Ginzburg-Landau ͑TDGL͒ equation, which is named as model B according to Hohenberg and Halperin. 17 However, when the hydrodynamic interaction is considered, the TDGL equation should be coupled with an evolution equation of local viscosity and results in model H. 17 Here we must point out that the dimensionality of the system is not a trivial problem. It is easy to imagine that, in two-dimensional systems, the motions of domains induced by the concentration gradient will be unreasonably confined in a plane. We expect that this constrain effect will be even more pronounced when the shear flow field is inserted. In order to avoid the ambiguity, the simulations have been performed in three-dimensional space.
The rest of the paper is organized as follows. The model and the simulation algorithm used in this study will be briefly described in Sec. II. In Sec. III, the effects of steady shear on morphology and scattering functions of phase separating binary mixtures will be presented and discussed. The effects of shear on the shear viscosity will be described in Sec. IV. We finally conclude in Sec. V with a summary of our results.
II. MODEL AND SIMULATION ALGORITHM
By defining the order parameter field as the volume fraction difference of two components, (r,t)ϭ A (r,t) Ϫ B (r,t), and neglecting the thermal fluctuations, the basic equations ͑model H͒ for describing the phase separation dynamics of binary mixtures with hydrodynamic interaction can be written as 
where 0 is the average viscosity of the homogeneous mixture, P is the pressure, M is mobility and is usually set to be unit, and H͓͔ is free energy functional of (r,t) for the system in unit of thermal energy k B T,
where F() is a functional of with two local minima, whose explicit form will be given later. And the term D(ٌ) 2 represents the interfacial free energy originated from the spatial inhomogeneity. When the velocity field is absent, i.e., v(r,t)ϭ0, Eq. ͑1͒ is reduced to model B which describes the phase separation dynamics of the system without hydrodynamic interaction.
In Eqs. ͑1͒ and ͑2͒, v(r,t) is the velocity field. When the external shear flow is included, the velocity field v(r,t) should be the superposition of the internal and external flows, i.e., v͑r,t ͒ϭv 0 ͑ r,t ͒ϩv int ͑ r,t ͒. ͑4͒
Defining x is the flow direction, y is the velocity gradient direction, and z is the vorticity direction, the external flow field can be written as v 0 ͑ r,t ͒ϭ͑ ␥ y,0,0 ͒, for steady shear, ͑5͒ v 0 ͑ r,t ͒ϭ͑ ␥ 0 y cos t,0,0 ͒, for oscillatory shear. ͑6͒
Here, ␥ is the shear rate. ␥ 0 and are the amplitude and frequency of the oscillatory shear respectively. The internal velocity v int ͑r,t͒ will be given later. To solve Eqs. ͑1͒ and ͑2͒, some reasonable assumptions are taken. 16, 17 First, assuming the system is incompressible, thus we have ٌ"vϭ0. Then we assume that the viscosity 0 is high enough to ignore the contribution of (v"ٌ)v and the fluid motion is much faster than the relaxation of order parameter, which is true for the polymer mixtures. Therefore the left-hand side of Eq. ͑2͒ can be set to be zero. 21, 22 With the above assumptions, defining ϭMt, and u(r,t) ϭv(r,t)/M , the kinetic equations become
where ⌫ ϭ␥ /M is the reduced shear rate and the shear strain is then defined as ⌫ϭ⌫ . For oscillatory shear, ⍀ϭ/M is the reduced shear frequency. The function dF/d in Eq. ͑7͒ is chosen as dF/dϭϪA tanh ϩ. Here, A is a phenomenological parameter, which is inversely proportional to the temperature and has the critical value A c ϭ1. incompressibility, the pressure P can be eliminated and Eq. ͑8͒ is rewritten as
where ͓ * ͔ k represents the expression * in the Fourier space.
T͑k͒ is the so-called Oseen tensor in k space, which is written as
where I is the identity matrix and k is the unit vector in the k direction. In real space, with r the unit vector in the direction of r, the Oseen tensor is written as
In our simulation, we first calculate the Oseen tensor in real space. Then the Oseen tensor in k space is obtained by Fourier transform. To avoid the data overflow, the Oseen tensor at rϭ0 is set to be I/8M 0 as the approximation commonly used in the theoretical treatment. 27 It should be mentioned that Koga et al. calculated the Oseen tensor in k space directly. 22 Through simulation we found there is little difference between the two strategies. The iteration procedure is basically as follows: The order parameter field (r,t) is evolving in the real space according to Eq. ͑7͒. Then the k space representation of the quantity in the square bracket of Eq. ͑11͒, which is used to calculate the velocity field u int (k,) according to Eq. ͑11͒, is calculated by Fourier transform. Finally, the velocity field in the real space u int (r,), which is needed for the calculation of order parameter field at next time step, is obtained by inverse Fourier transformation.
Equation ͑7͒ is numerically solved by using the cell dynamical scheme ͑CDS͒ proposed by Puri and Oono. 28, 29 In three-dimensional CDS, the system is discretized on a LϫLϫL cubic lattice of cell size a 0 , and the order parameter for each cell is defined as (n,t), where n ϭ(n x ,n y ,n z ) is the lattice position and n x , n y , and n z are integers between 1 and L. The Laplacian in CDS is approximated by
where ͗͗(n)͘͘ represents the following summation of (n)
for the nearest neighbors ͑n.͒, the next-nearest neighbors ͑n.n.͒, and the next-next-nearest neighbors ͑n.n.n.͒,
͑n͒, ͑15͒ where B 1 , B 2 , and B 3 are 6/80, 3/80, and 1/80. Our simulation was carried out on LϫLϫLϭ128 ϫ128ϫ128 three-dimensional cubic lattice. We have chosen x-axis as the flow direction, y-axis as the velocity gradient direction and z-axis as the vorticity axis. For the simplicity, M and 0 are set to be unit. The origin of the y-axis is set at n y ϭ64. The reduced value D ϭD/a 0 2 is fixed as 0.5. A shear periodic boundary condition proposed by Ohta et al. 4 has been applied to the y direction. With the shear strain ␥, this boundary condition is written as
where N x , N y , and N z are arbitrary integers. Here, we are only interested in the morphological dependent stress resulted from the domain interfaces. The expression for this stress has been derived by Kawasaki 
͑17͒
Using the order parameter field in Fourier space (k,), the stress tensor is then calculated as follows:
Then the shear viscosity is calculated according to ϭ xy /⌫ . The scattering functions are calculated according to the expressions given in Ref. 15 . Both of them are averaged on five independent runs. For simplicity, in the following discussion, we will call the cases with and without hydrodynamic interactions as fluids and solids, respectively.
Finally, we should mention that, for the clarity, the three-dimensional morphologies of critical system (͗͘ ϭ0, ϭ0.5) are represented by the gray plots of the visible cubic surfaces while for the off-critical system (͗͘ 0, 
III. MORPHOLOGY AND SCATTERING FUNCTIONS
The SD dynamics of binary fluids under quiescent condition, according to the theoretical analysis, the growth of domain size in three-dimensional systems in late stage obeys some simple relations, i.e., the domain growth follows R(t) ϳt ␣ with ␣Ϸ1, and the maximum intensity of scattering functions increases as I km (t)ϳt ␤ with ␤Ϸ3␣Ϸ3. 19, 20 For the sake of comparison, the SD dynamics of a binary fluid under a quiescent condition is simulated. The evolution of domain size ln͗k(t)͘ϰϪln R(t) and the maximum intensity of scattering functions ln I km (t) vs ln are plotted in Figs. 1  and 2 , respectively. It is seen that there is an initial stage when ͗k͘ is almost a constant. When the SD process reaches the late stage, one observes ␣Ϸ1.0 and ␤Ϸ2.8, which agrees with the theoretical predictions reasonably. 19, 20 In the following simulations, the external shear flow is exerted after the phase separation having evolved under quiescent condition for a certain period 0 . The effects of quench depth and composition on the morphology and rheological properties will be investigated.
A. Deep quench
In order to investigate the effects of the hydrodynamic interaction, we first consider the case of deep quench (Aϭ1.3) and critical composition ((͗͘ϭ0, ϭ0.5). In the simulation, ⌫ ϭ0.004 and 0.008 for low and high reduced shear rates are applied, respectively. The evolutions of morphology and the corresponding scattering functions of phase separating binary fluids and solids under shear flow are shown in Figs. 3 and 4 , respectively. For the clarity, only the results for high shear rate (⌫ ϭ0.008) are shown in these figures.
Comparing the results of Figs. 3 and 4, it is seen that the domain growth in binary fluids is much faster than that of binary solid, as the growth power law predicted for binary solid is only one third of that for binary fluid, i.e., ␤ϭ1 and ␣ϭ1/3. It is also seen that the domains are elongated along the shear flow direction, which enhances the collision and merging between domains. From the results shown in Figs. 3 and 4, one can find that, due to the internal flow, the domain collision and merging in binary fluids are much more effective than in binary solids.
The morphological characteristics could be more obviously seen in scattering functions with the incident light along three different directions. Before shear flow, the scattering functions are typical spinodal rings ͑SRs͒. When shear flow starts, it is seen that the SRs shrink much faster in k x direction than in k y direction, which indicates the domains are strongly elongated in the shear direction. Typically, the SRs in k x -k y and k x -k z planes have been deformed into ellipses. Especially, the SRs in the k x -k y plane are tilted ellipses with their long axes tilted away from the k y direction by an angle of and the tilted long axis is rotating towards k y as the shear strain proceeds. The SRs in the k y -k z plane are basically ringlike but with broader and stronger scattering intensity in the k y direction. This character is more clearly seen in the case of binary solids. Combining these results, it is confirmed that the long axes of the elongated domains are tilted away from the shear flow direction ͑x͒ by Ϫ. Although these are the common features of phase separating binary fluids and binary solids under steady shear, Figs. 3 and 4 show that the domain growth in binary fluids is much faster than that of binary solids. The most important difference is that the binary solids under steady shear exhibit greater domain anisotropy and increase with shear rate as shown quantitatively in Fig. 5 . All the results indicate that the domain collision and merging are greatly enhanced due to the random internal flow field induced by hydrodynamic interaction. This random disturbance in binary fluids will reduce domain anisotropy and thus reduce the torque of velocity gradient on the domains, which results in slower rotation velocity of the long axes of elongated domains, Fig. 6 . It is worthy of noticing that the results of Fig. 6 also indicate that the rotation of the long axis of domain is independent of shear rate. We should mention that these results are quite similar to those reported by Wagner and Yeomans 31 who simulated the binary fluid under steady shear by the lattice Boltzmann algorithm. Now, we turn to the case of off-critical composition ( ϭ0.3). The typical morphologies and scattering functions are shown in Figs. 7 and 8 . The quantitative results of domain growth characterized by k m ϳ⌫ in three directions are illustrated in Fig. 9 . It is found that the droplets in binary solids can be easily drawn into streaks while the droplets in binary fluids can only be deformed into elliptic spheres. Another difference is that, for the stage of small shear strain, the domain growth of binary fluids in y and z directions is slower than that of binary solids. However, for the stage of larger shear strain (⌫ exceeds 1͒, the droplets in binary fluids grow more rapidly in y and z directions than that of binary solids. The morphological differences can be explained by different surface relaxation rate of droplets between binary fluids and binary solids. Actually for off-critical composition, the whole morphology evolution can be considered as a cycle of the following three processes: elongation, merging, and interfacial relaxation of droplets. When the shear flow is exerted, due to the hydrodynamic interaction, the deformed droplets in binary fluids can relax to their original shape more rapidly compared with those in binary solids. Therefore, the shear flow only induces small deformation and orientation in binary fluids. In contrast to that, the domain surface relaxation rate in binary solids is much slower and the droplets have no enough time to relax and thus are stretched into long streaks. Besides that, at the stage of small shear strain, the domain growth rate can be slowed down in binary fluids since the droplet collision and merging probabilities have been lessened due to the rapid relaxation to their original shape before merging. However, in the stage of larger shear strain (⌫ exceeds 1͒, once the droplets of binary fluids contact together, they can more easily coagulate and then relax to larger spheres due to hydrodynamic interaction. This effect makes the domain growth in binary fluids in y and z directions exceeds that of binary solids. It is easily imagined that, due to the rapid relaxation of anisotropic structure, the domains in binary fluids will exhibit less anisotropy than that of binary solids as shown in Fig. 9 . In addition, the relation of tan ϳ⌫ for the deep and off-critical quench is shown in Fig. 10 , which is quite similar to the case of critical composition shown in Fig. 6 .
B. Shallow quench
For shallow quenching, to be sure that the system is located in the spinodal region, we only consider the critical composition. The typical morphologies and scattering functions for binary fluids and solids are shown in Figs. 11 and  12 , respectively. Figure 13 shows the plot of k m vs ⌫. The plot of tan ϳ⌫ is shown in Fig. 14 . It is seen that, in the stage of little strain, the domain sizes in the directions perpendicular to the shear flow are almost unchanged. However when the strain exceeds 1.0, the domain size in y direction grows more rapidly than that in z direction, which indicates that the domains tend to coagulate in y direction. It is also found that, for the critical composition under shallow quench, the differences of domain growth rate and domain anisotropy between binary fluids and binary solids are very small comparing with critical deep quench cases shown in Figs. 3-5 . Obviously, when the quench depth is shallow, the driving force for the phase separation is weak and the diffusion of the components is slower as well. Thus, only weak internal flow field can be induced by hydrodynamic interaction. Another influencing factor we should mention is the domain interface. Actually it is defined by 24 ϭ͓D/͑AϪ1 ͔͒
therefore for the shallow quench ͑little A value͒, the interface layer should be broader and thus it strongly prohibits the generation of internal flow field. All these effects have reduced the difference between the systems with and without hydrodynamic interactions.
IV. SHEAR VISCOSITY
For deep quenching and critical composition, the time dependence of is shown in Figs. 15͑a͒ and 15͑b͒ for binary fluids and binary solids, respectively. It is seen that, at high shear rate ⌫ ϭ0.008, increases with the strain initially and then decreases after reaching a peak. With the decrease of shear rate, the viscosity increases, which indicates the phase separating binary mixture is a kind of plastic fluid. When the shear rate is lower (⌫ ϭ0.002 for binary solids and 0.004 for binary fluids͒, the viscosity curves show two peaks, which reproduce the experimental observation for the phase separating nearly critical mixture of PB/PI under shear flow qualitatively, Fig. 16 . 26 For the case of deep quench and off-critical composition (ϭ0.3), the shear strain dependence of are shown in Figs. 17͑a͒ and 17͑b͒ for binary fluids and binary solids, respectively. It confirms that the viscosity decreases with the increase of shear rate. However, only one peak in the viscosity curve can be clearly seen, that is quite different from the case of deep quench and critical composition. For the case of shallow quench and critical composition, the corresponding results are shown in Figs. 18͑a͒ and 18͑b͒ for binary fluids and binary solids. The shear viscosity is similar to the case of deep quench and off-critical composition except that the viscosity value is much lower than that of deep quench. According to Eq. ͑17͒, this lower viscosity can be attributed to the thicker interfaces for shallow quench. Another difference is that the peak position of viscosity shifts to the higher shear strain value when the shear rate is higher. In order to explain the above rheological behavior, especially the double-peak character of the shear viscosity, we have to go into the details of complex morphology evolution of binary mixture undergoing phase separation under steady shear. Because the stress calculated from Eq. ͑17͒ only represents the interfacial contributions to the total stress. Therefore, the viscosity relates to the volume fraction, the strength of concentration fluctuation and the orientation of the elongated domains. When the shear flow is exerted on the phase separating binary mixtures, the following processes may take place: ͑1͒ The domains can be elongated due to shear flow and then orientated towards the shear direction. ͑2͒ The domains tend to relax to their original shapes due to interfacial tension. ͑3͒ The domains will coagulate together in order to reduce the interfacial free energy. ͑4͒ The highly elongated domains will even break into smaller domains. It is not difficult to understand that only the domain elongation, process ͑1͒, can result in the increase of viscous stress as the domain elongation increases the volume fraction of interface and a larger absolute value of the integration in Eq. ͑17͒, which causes the increase of shear viscosity. Concerning the domain orientation, we must mention that the fraction of interface along x direction will be largely reduced if the highly elongated domains are perfectly oriented along the flow direction. Therefore, the highest shear stress will be obtained if the long axis of the highly elongated domains are tilted /4 away from the flow direction. Actually, the processes of domain burst, coagulation, and shape relaxation will all cause the decrease of the shear viscous stress due to the reduction of interfacial volume fraction. Understanding these basic processes, the behavior of shear viscosity can be explained according to the interfacial relaxation mechanism. In fact, the realization of all these processes must have a characteristic time i that characterizes the interfacial relaxation. It should be mentioned that the relaxation rate of the deformed interface, which is proportional to 1/ i , is inversely proportional to the thickness of the interface. 4 Therefore, the interface will be thicker and thus the relaxation rate of the deformed interface will be slower for shallow quench. In contrast, the interface will be thinner and thus the relaxation rate of the deformed interface will be faster for deep quenching. When the shear rate ␥ ӷ1/ i , the processes of domain burst, coagulation, and shape relaxation do not have enough time to be realized during shear. Therefore, at high shear rate or slow interfacial relaxation, only the increase of shear viscosity caused by domain elongation can be observed during this period. After this period, the domain burst and coagulation will reach the equilibrium and the orientation of the long axis of elongated domains will also reach a steady tilted angle, which results in the formation of the viscosity peak and then arrived at the steady shear viscosity. This is the main reason why the double-peak character of the shear viscosity cannot be observed for shallow quench, Figs. 18͑a͒ and 18͑b͒. However, at lower shear rate or fast interfacial relaxation, i.e., ␥ Ӷ1/ i , the increase of shear viscosity due to the domain elongation only happens at very low shear strain. Then, because of the fast interfacial relaxation rate, the slightly elongated domains will more easily contact and quickly merge together. This process thus enhances the coagulation among these domains ͑which reduces the volume fraction of interfaces͒, especially for the systems of critical composition. Certainly, it will lead to the reduction of the shear viscosity. Afterwards, the merged domains are further elongated and the interfacial volume fraction is increased again, which causes the appearance of the second viscosity peak. This mechanism is responsible for the appearance of double-peak shear viscosity vs the shear strain for deep quenching. However, for the systems of off-critical composition, the merging probability is much lower than that of critical composition. Therefore it is not as easy to observe the double peaks of shear viscosity as in the critical composition.
By comparison with the results shown in Figs. 15͑a͒ and 15͑b͒, it is found that the double-peak behavior of the shear viscosity appears more easily in binary fluids than in binary solids. For example, the two peaks have showed up at the reduced shear rate ⌫ ϭ0.004 for binary fluids while it only shows up at further lower reduced shear rate ⌫ ϭ0.002 for binary solids. In fact this phenomenon confirms our above analysis in another aspect. For binary fluids, due to internal velocity induced by hydrodynamic interaction, the interfacial relaxation rate and domain growth rate are much faster than binary solids. Therefore at a given shear rate, the decrease of shear viscosity caused by decrease of interfacial volume fraction will be more easily realized.
V. CONCLUSIONS
In this work, in order to investigate the effect of hydrodynamic interaction on the kinetic and rheological behaviors, we have performed three-dimensional simulation on the phase separation of binary mixtures under shear flow on basis of model H and model B, and several conclusions can be drawn from this simulation.
͑1͒ The simulation for the phase separation under quiescent condition reveals that the faster domain growth rate in the critical binary fluids is due to the internal flow field originated from the hydrodynamic interaction, which enhances the domain collision and merging in fluids.
͑2͒ The relaxation rate of the deformed interface, 1/ i , is responsible for the behaviors of domain growth and merging under shear flow. Therefore, the cases in which the reduced shear rate is larger or lower than the interfacial relaxation rate show quite different anisotropic domain growth behaviors as well as the corresponding transient viscosity.
͑3͒ For shallow quench, the broader domain interfaces reduce the interfacial relaxation rate, 1/ i , largely. It seems to us that the interfacial effect is overwhelming and thus the hydrodynamic interaction is not very effective. As a result, the domain growth and the viscosity for the phase separating solids and fluids are quite similar. FIG. 18 . ͑a͒ The viscosity of phase separating binary fluids under steady shear (ϭ0.5, Aϭ1.075, the initial period of phase separation 0 ϭ1500). ͑b͒ The shear viscosity of phase separating binary blends under steady shear (ϭ0.5, Aϭ1.075, the initial period of phase separation 0 ϭ2000). The error bars indicate the standard deviation of the data.
